Summary: Recently, accumulated data have suggested that the nucleus basalis magnocellularis, i. e., the substan tia innominata (S1), may represent the primary source of central cholinergic innervation in the rat cortical vascu lature. We therefore examined the effects of unilateral lesion of the SI on the autoregulation of local CBF (lCBF) during induced hypotension in rats. Male Wistar rats were divided into three groups. The animals of groups 1 and 2 received an injection of 5 fLg of ibotenate into the right SI stereotaxically. At 7 days after the injection, the lCBF was measured by the [14C]iodoantipyrine technique in the awake state. Group 1 was used as the normotensive group (MABP = 113.1 ± 12.2 mm Hg). Group 2 formed the hypotensive group, and the lCBF was measured dur ing hypotension (MABP = 80.0 ± 5.5 mm Hg) induced by hemorrhage. Group 3, the sham-operated normotensive
group, received vehicle injection into the right SI at 7 days prior to the lCBF measurement. In group 1, lCBF was significantly lower in the frontal, parietal, temporal, and striate cortices on the lesioned side compared to that on the contralateral side. In group 2, lCBF was signifi cantly decreased in the cortices on the lesioned side, but there was no significant difference in magnitude of the ICBF reduction between groups 1 and 2. Group 3 exhib ited no hemispheric asymmetries in lCBF. These findings suggest that the SI exerts an influence on cortical ICBF, but does not play a role in the autoregulation of lCBF during hypotension. Key Words: Cerebral blood flow Autoregulation-Nucleus basalis magnocellularis-Sub stantia innominata-Neurogenic control-Cholinergic in nervation.
electrical stimulation of the ganglion is reported to increase CBF in the cerebral cortex (Seylaz et al., 1988; Suzuki et al., 1990) .
Recently accumulated data have suggested that the nucleus basalis magnocellularis, i.e., the sub stantia innominata (SI), represents the primary source of central cholinergic innervation in the rat cortex (Wenk et al., 1980; Bigl et al., 1982; McKin ney et al., 1983; Saper, 1984; Kasa, 1986) . Destruc tion of this nucleus results in impairment of the per formance of active or passive avoidance tasks (Flick er et al., 1983; Tanaka et al., 1987; Mayo et al., 1988) and in attenuation of cerebral glucose metab olism (Tanaka et al., 1987; Gomi et al., 1988) . Fur thermore, the possible innervation of intracerebral blood vessels by choline acetyltransferase (ChAT) containing neurons from the SI has been reported (Eckenstein and Baughman, 1984; Armstrong, 1986; Luiten et al., 1987) . It is possible, therefore, that the cholinergic nerve fibers innervating the ce rebral cortical blood vessels may originate from the SI. Clinical studies in patients with senile dementia of the Alzheimer type, in which loss of cholinergic neurons in the nucleus basalis of Meynert is even tually observed (Whitehouse et al., 1982) , have demonstrated a decrease of blood flow in the cere bral cortices. However, reports on the autoregula tion of CBF in such patients are scarce (Simard et al., 1971) .
The purpose of the present study was to examine the effects of unilateral lesion of the SI on the local cerebral blood flow (lCBF) and its autoregulation during induced hypotension in rats. Part of the present data was presented at the Meeting on Neu rotransmission and Cerebrovascular Function at La Napoule, France, in 1989.
MATERIALS AND METHODS
Experiments were performed on 24 male Wistar rats weighing 260-330 g. The animals were allowed access to standard rat pellets and water ad libitum, and were main tained under a 12-h dark/light cycle.
The animals were lightly anesthetized with pentobar bital sodium (25 mg/kg, i.p.) and secured in a stereotaxic apparatus (Type SR-6, Narishige Scientific Instrument Lab., Tokyo, Japan). A sagittal scalp incision was made, and 5 f.Lg of ibotenate (Sigma, St. Louis, MO, U.S.A.) in I f.Ll of Krebs-Ringer solution or 1 f.Ll of the vehicle only was injected into the right SI stereotaxically using a Ham ilton microsyringe through a burr hole in the calvarium over a period of 15 min. The needle was left in place for an additional 5 min to prevent diffusion along the needle tract. Employing the stereotaxic atlas of Paxinos and Watson (1982) , the infusion coordinates were as follows: 0.8 mm posterior to the bregma, 2.5 mm lateral to the midline, and 8.0 mm ventral to the skull surface. The skin was sutured and the animals were observed until they became alert and returned to their vivarium.
At 7 days after the injection, the animals were lightly reanesthetized with pentobarbital sodium (25 mg/kg, i.p.) and the femoral arteries and left femoral vein were can nulated (PE-50) for continuous monitoring of the arterial blood pressure, blood sampling, and tracer administra tion. Following surgery, the animals were immobilized by means of loose-fitting plaster casts. Four hours after the beginning of anesthesia, 0.2 ml of arterial blood was sam pled for Paoz, Pacoz, and pH measurement using a blood gas analyzer (BMS3 Mk2 Blood Micro System, Radiom eter, Copenhagen, Denmark). The ICBF was then deter mined by the [14C]iodoantipyrine ([14C]IAP) autoradio graphic technique (Sakurada et aI., 1978) in the awake state.
Briefly, 740 kBq of [14C]IAP (specific activity of 2.18 GBq/mmol; Amersham, Buckinghamshire, U.K.) in 2.5 ml of saline was injected intravenously at a constant rate employing a motor-driven injector, and 35 s later the an imals were decapitated. The brains were immediately re moved and frozen in Freon 22 (Asahi Glass, Tokyo, Ja pan). During the period of injection, 14 arterial blood samples of 20 f.LI were collected, and the 14C radioactivity of each sample was measured with a liquid scintillation counter (LS9800, Beckman Instruments, Irvine, CA, U.S.A.). The brains were cut into 20-f.Lm thick slices in a cryostat (Histostat microtome, AO Scientific Instruments, Buffalo, NY, U.S.A.) at -20°C. The slices were thaw-mounted onto glass cover slips, and dried on a hot plate at 70°C. The materials were then exposed to radio graphic films (SB-5, Eastman Kodak, Rochester, NY, U.S.A.) with [14C]methylmethacrylate standards (Amer sham, U .K.) for 7 days. Quantitative densitometric anal ysis of the resultant autoradiograms was carried out with the computerized digital image processing system devel oped in our laboratory, which consists of a charge coupled device (CCD) video camera, video digitizer, frame memory, RGB color monitor, and IBM PC/AT computer (Gomi et aI., 1988; Tanaka et aI., 1988) . Values of lCBF were calculated from the 14C radioactivities of the brain tissue and history of the arterial blood samples.
The animals were divided into three groups as follows:
Group 1 formed the normotensive group (n = 9, MABP 
RESULTS
The physiological parameters of the three groups are listed in Table I . No significant difference was observed among the three groups except in the mean arterial blood pressure. Other parameters were within the normal ranges in each group.
Histological evaluations of the brain slices ob tained from group 1 and group 2 substantiated se lective destruction of the SI. These animals re vealed a sphere of neuronal degeneration and marked infiltration of macrophages in the SI. There was no direct damage within the cerebral cortex. Figure 1 shows representative color-coded [ 14 C]_ iodoantipyrine autoradiograms of groups 1 and 2. In group 1 (normotensive group), the ICBF in the right cerebral cortex was lower than that in the left cor tex at the levels of both the frontal cortex and the thalamus. On the other hand, other deep structures, i.e., the thalamus and hippocampus, exhibited no asymmetry. The decrement of cortical lCBF on the right side in group 2 (hypotensive group) was simi lar to that in group 1 in terms of its magnitude and distribution. In group 2, the ICBF in the deep struc tures also showed no asymmetry and did not differ from that of group 1.
The results of ICBF measurements are summa rized in Table 2 . In group 1, the lCBF in the cortices on the lesioned side ranged from 1 16 ml 100 g -1 min -1 in the frontal cortex to 180 ml 100 g-I min-1 in the temporal cortex auditory area. The values for ICBF in the frontal, frontoparietal (motor and so matosensory area), temporal, and striate cortices on the lesioned side amounted to 83-95% of those in the corresponding regions on the contralateral side. These differences between the two sides were sta tistically significant. In group 2, the values of lCBF in the cortices on the lesioned side ranged from 116 m] 100 g-I min -I in the frontal cortex to 157 ml 100 g-I min -I in the temporal cortex auditory area, and were 89-95% of those on the contralateral side. The reductions in cortical ICBF on the lesioned side showed a similar pattern to those observed in group 1. These interhemispheric differences in group 2 were also statistically significant in the frontal cor tex, frontoparietal cortex motor area, and somato sensory area. The values of ICBF in the deep struc-
FIG. 1. Representative color
coded autoradiograms ob ta ined from rats of group 1 (nor motensive) (left) and group 2 (hypotensive) (right). The view er's left is the animal's right. In both groups, the leBF in the cortex on the right (Iesioned side) was lower than on the left, and the differences were of sim ilar magnitude. The blood flow in the deep structures did not reveal any asymmetry. tures, i.e., the caudate-putamen, thalamus, and hippocampus, did not exhibit any significant differ ences between both sides in the above two groups. In addition, no significant difference was observed in the ICBF of each region between groups 1 and 2.
The sham-operated animals (group 3) displayed no interhemispheric asymmetry in ICBF, and the val ues of ICBF in each region did not differ from those of group 1 or 2. The ratio of the values of the cor tical lCBF on the right to those on the left for each region did not differ statistically between groups 1 and 2, and the magnitude of the reduction in cortical ICBF on the right side, when compared to that on the left, was similar between the above two groups.
DISCUSSION
The findings of the present study may be summa rized as follows: (a) The values of ICBF in the cor tices on the lesioned side were significantly lower than those on the contralateral side in the nor motensive group. (b) The reduction in cortical lCBF on the lesioned side in the hypotensive group was of similar extent to that in the normotensive group. Accordingly, it seems reasonable to consider that the SI exerts a definite influence on the ICBF in the cortices, but does not play an important role in the autoregulation of ICBF during induced hypoten sIOn.
We could not find any statistical differences in ICBF of each region among three groups, although there was some intergroup or intragroup variance. Since respiration of animals was not controlled, Paeo2 also showed slight variability. Variance of ICBF might be ascribable to that of Paeo2. The right/left ratio of ICBF for each region did not differ between groups 1 and 2. We therefore considered that the autoregulation is not impaired after the SI lesioning.
It is reported that the cholinergic fibers innervat ing the cerebral vessels exert a vasodilatory effect and play an important role in autoregulation of the CBF (Reis et aI., 1985; MacKenzie and Scatton, 1987) , but the origin of these fibers is still a matter of contention.
The nucleus basalis magnocellularis represents a major cholinergic input to the cerebral cortex (Wenk et aI., 1980; Bigl et aI., 1982; McKinney et aI., 1983; Saper, 1984; Kasa, 1986) . Destruction of this nucleus results in impairment of the perfor mance of active or passive avoidance tasks (Flicker et aI., 1983; Tanaka et aI., 1987; Mayo et aI., 1988) and a decline in the acetylcholine esterase (AchE) and ChAT activities in the cerebral cortex. Arm strong (1986) and Luiten et ai. (1987) suggested the possibility that the intracerebral blood vessels may be innervated by ChAT-containing neurons in the basal forebrain. Eckenstein and Baughman (1984) noted that fibers and varicosities containing vasoactive intestinal polypeptide (VIP) or ChAT immu noreactivity are in intimate association with blood vessels in the cerebral cortex, and that these struc tures might originate partly from the SI. Further more, ladecola et ai. (1983) reported that the in crease in ICBF of the cerebral cortices during se lective electrical stimulation of the cerebellar fastigial nucleus, possibly mediated by a cholinergic mechanism, was abolished by placement of the le sion in the basal forebrain. It may be possible there fore that these neurons in the nucleus basalis mag nocellularis, including those in the SI, contribute to the cholinergic innervation of the cerebral cortical arteries.
Recently, Lacombe et ai. (1987) found that elec trical stimulation in the SI could induce significant cortical vasodilation. They speculated that the ob served vasodilation might be mediated directly via vasomotor innervation or indirectly via metabolic stimulation. If the SI exerts a direct influence on the cortical blood vessels, it is considered that both a reduction in blood flow and impairment of its auto regulation in the cerebral cortices should be ob served in animals with SI lesions (Gotoh et aI., 1981; ladecola et aI., 1983; Ishitsuka et aI., 1986; Gotoh and Tanaka, 1988) . Lacombe et al. (1989) examined the effects of electrical stimulation of the SI on the cerebral blood flow and tissue P02 and Peo2 in rats. Their results suggested that stimulation of the SI increased the cortical blood flow through a direct vasodilatory ef fect. Itakura et ai. (1989) observed that lesioning of the SI resulted in a decline of cortical blood flow. They attributed the reduction in blood flow to de nervation of vasodilatory fibers probably originat ing in the nucleus basalis magnocellularis.
Despite these reports, Araki et al. (1985) failed to find any difference in the autonomic nervous action potential of pial arteries during induced hypoten sion in cats with lesions of the nucleus basalis of Meynert, compared to those without such lesions. They concluded that the nucleus does not play a role in the autoregulation of ICBF in the cerebral cortex. ladecola et ai. (1983) examined the effects of SI lesions on the autoregulation of ICBF by the [ 14 C]IAP method and detected no impairment of the autoregulation. Gotoh et ai. (1975) demonstrated that the change in diameter of pial arteries in response to an alter ation of blood pressure was pronounced in vessels with a diameter greater than 50 J..L m, while the change occurring during CO2 inhalation or hyper ventilation was apparent in arteries smaller than 50 J..L m. Accordingly, arteries greater than 50 J..L m in diameter are thought to be primarily involved in 
